Simultaneously with insulin and C peptide, beta cells also secrete a small amount of proinsulin and its conversion intermediates [1] . Insulin and proinsulin cross-react in conventional insulin radioimmunoassays. Plasma proinsulin concentrations are considerably increased in patients with Type II (non-insulindependent) diabetes mellitus and constitute a substantial proportion of the total insulin-containing molecules [2±7]. Also subjects with impaired glucose tolerance (IGT) have higher proinsulin concentrations than normoglycaemic subjects [4±6, 8, 9]. Furthermore, high fasting proinsulin concentrations or proinsulin:insulin ratios have been shown to be associated with the development of Type II diabetes within 2±5 years [10±12].
betes, hyperproinsulinaemia could be secondary to hyperglycaemia [13] . Additionally, increased insulin demand caused by insulin resistance could induce the beta cell to increase secretion of proinsulin more than insulin. Three observational studies have previously investigated the relation between proinsulin concentration and insulin resistance [14±16] . In these studies, fasting insulin, intact proinsulin, and 32, 33 split proinsulin concentrations were inversely associated with insulin sensitivity in normoglycaemic subjects. In one study insulin resistance was, however, associated with a low rather than high proinsulin:insulin ratio [15] and in another study the proinsulin:insulin ratio was not related to insulin resistance [16] . In the third study [14] , the proinsulin:insulin ratio was not assessed. These results indicated that in subjects with normal glucose tolerance, insulin resistance does not induce increased proinsulin relative to insulin secretion. No study has examined the proinsulin:insulin ratio in relation to the degree of insulin resistance in Type II diabetic patients. Finally, hyperproinsulinaemia might be related to an intrinsic beta-cell defect in Type II diabetic patients, as has been suggested [17] . Nevertheless, data on the relation between insulin secretion and the proinsulin:insulin ratio in diabetic patients are scarce. Recently, the fasting proinsulin:insulin ratio was found to be a marker of the degree of reduced maximum beta-cell secretory capacity in nine subjects with Type II diabetes [18] . The majority of the subjects in that study were treated with sulphonylureas, which probably had an effect on their insulin secretion capacity [18] .
This study was undertaken to examine the association between fasting intact proinsulin, 32, 33 split proinsulin and the proinsulin:insulin ratios, and insulin sensitivity and acute insulin response in a large number of newly diagnosed Type II diabetic subjects (n = 182] who participated in the Insulin Resistance Atherosclerosis Study. We investigated these relations in newly diagnosed Type II diabetic subjects because they were not receiving hypoglycaemic medication which affects both insulin secretion and insulin sensitivity.
Subjects and methods
The Insulin Resistance Atherosclerosis Study (IRAS) is a multicentre epidemiological study on insulin resistance, cardiovascular risk factors and disease in African Americans, Hispanics, and non-Hispanic whites across a broad range of glucose tolerance. A full description of the design and methods of the IRAS has been published [19] . In brief, this study was conducted at four clinical centres. Clinical centres in Oakland and Los Angeles, California, studied non-Hispanic whites and African Americans recruited from Kaiser Permanente, a nonprofit health maintenance organization. Clinical centres in San Antonio, Texas, and San Luis Valley, Colorado, studied non-Hispanic whites and Hispanics recruited from two ongoing population-based studies (the San Antonio Heart Study [20] and the San Luis Valley Diabetes Study [21] ). Recruitment was tailored to yield approximately equal numbers of participants by ethnicity, sex, and glucose tolerance categories [Type II diabetes, impaired glucose tolerance (IGT) and normal glucose tolerance].
The final study sample constituted 613 non-Hispanic whites, 548 Hispanics and 464 African Americans [19] . Participants with normal glucose tolerance constituted the largest segment of the study sample (44 %), followed by diabetic subjects (33 %) and people with IGT (23 %). A total of 537 subjects with Type II diabetes participated in the IRAS. Of them, 182 subjects were first diagnosed as having diabetes at the study visit and had data on insulin sensitivity (S I ), acute insulin response (AIR) and proinsulin concentration, and they constitute the study population for this report.
The IRAS examination required two visits [~1 week apart (range, 2 to 28 days)], each lasting about 4 h. Height and weight were measured in accordance with a standardized protocol. Body mass index [weight (kg) divided by the height (m 2 )] was used as an estimate of overall adiposity. Participants were asked before each visit to fast for 12 h, to abstain from vigorous exercise and alcohol for 24 h, and to refrain from smoking on the morning of the examination. For the oral glucose tolerance test, a 75-g glucose load (Orangedex, Customs Laboratories, Baltimore, Md., USA) was given over a period less than 10 min. Blood was collected before ingestion and 2 h after the glucose load. Glucose tolerance status was based on the World Health Organization criteria [22] .
Insulin sensitivity was assessed by a frequently sampled intravenous glucose tolerance test (FSIGT) [23] with minimal model analyses [24] . Two modifications of the original protocol were used. An injection of regular insulin, rather than tolbutamide, was used to ensure adequate plasma insulin concentrations for the accurate computation of insulin sensitivity across a broad range of glucose tolerance [25] . This was because of the blunted insulin response in diabetic subjects. In addition, the reduced sampling protocol (which required 12 rather than 30 plasma samples and shows results similar to the full protocol [26] ) was used because of the large number of subjects. Glucose in the form of a 50 % solution (0.3 g/kg) and regular human insulin (0.03 U/kg) were injected through an intravenous line at 0 and 20 min, respectively. Blood was collected at ±5, 2, 4, 8, 19, 22, 30, 40, 50, 70 , 100, and 180 min for plasma glucose and insulin concentrations. Insulin sensitivity, expressed as the insulin sensitivity index (S I ), was calculated by mathematical modelling methods (MINMOD, version 3.0 [1994] ). Acute insulin response (AIR) was calculated as the mean of insulin concentrations at 2 and 4 min after glucose injection.
Plasma glucose was measured with the glucose oxidase technique on an automated autoanalyser (Yellow Springs, Ohio, USA). Insulin was measured using the dextran-charcoal radioimmunoassay [27] which has considerable cross-reactivity with human proinsulin. From 163 blind duplicate fasting specimens, the external coefficient of variation for plasma insulin measurements was 19 %. Glucose and insulin were measured at the central IRAS laboratory at the University of Southern California, Los Angeles, USA.
Fasting intact proinsulin and 32, 33 split proinsulin were determined by highly specific two-site monoclonal antibodybased immunoradiometric assays, with an interassay coefficient of variation of less than 10 % [28] . There was no detectable cross-reactivity of insulin or 32, 33 split proinsulin in the intact proinsulin assay. Insulin did not statistically significantly cross-react in the assay for 32, 33 split proinsulin; the cross-reactivity for intact proinsulin in this assay was 84 %. Assay values of 32, 33 split proinsulin were corrected for by subtracting the corresponding intact proinsulin cross-reactivity. The assay of 32, 33 split proinsulin cross-reacts equally with 32, 33, des 32 and des 31, 32 split proinsulins. We used the term 32, 33 split proinsulin to indicate the sum of these three molecules, the majority of which are des 31, 32 split proinsulin [29] . The sensitivity limit of the intact proinsulin and 32, 33 split proinsulin assays was 1.25 pmol/l (3 SDs from zero). From 98 blind duplicate specimens, the external coefficient of variation for intact proinsulin measurements was 14 % and for 32, 33 split proinsulin measurements was 18 %. Intact proinsulin and 32, 33 split proinsulin were determined at the laboratory of the Department of Clinical Biochemistry at Addenbrook's Hospital, Cambridge, United Kingdom.
An informed consent was obtained from the subjects and the study protocol was approved by institutional review boards in all participating centres.
Statistical methods. The study cohort was described with means ± SD or medians (interquartile range) for demographic and clinical variables (Table 1) . Spearman correlation coefficients were computed on untransformed data to describe the association between insulin and proinsulin variables and predictor variables ( Table 2 ). The insulin, proinsulin, and proinsulin:insulin ratios and insulin sensitivity variables were all log transformed for multiple regression models to satisfy statistical assumptions. After the log transformation, all these variables were normally distributed. Multiple linear regression models were used to assess the impact of AIR (as quartiles) and S I (as quartiles) on insulin and proinsulin variables while adjusting for potentially confounding variables (Tables 3 and 4) . Three successive regression models were fit for each dependent variable: model 1) adjusted for age, sex, ethnicity, and clinic; model 2) model 1 plus BMI; model 3) model 2 plus fasting glucose. An additional model which added insulin sensitivity (S I ) to model 3 was fit for the models which examined the impact of AIR on dependent variables. Adjusted means (SEM) for dependent variables were computed and were back transformed into the original units. We calculated values for trends in the differences in insulin and proinsulin variables from linear contrasts of the four means (from each AIR or S I quartile) calculated from the regression models. Multiple linear regression analysis was also used to investigate independent relations of AIR, S I , fasting glucose, and BMI as continuous variables with proinsulin:insulin ratio (Table 5 ). All multiple regression models were fit using the PROC GLM component of the SAS system (Cary, N. C., USA).
Results
Characteristics of the study cohort are shown in Table 1. The mean age was 57.7 years and 41.8 % of the subjects were men. None of the subjects were receiving hypoglycaemic medication. The median S I was 0.37 10 ±4 min ±1 × mU ±1´m l ±1 and the median AIR was 144 pmol/l. Table 2 shows results of Spearman correlation analyses. Fasting insulin concentration correlated inversely with S I and positively with BMI. Also concentrations of intact and 32, 33 split proinsulin correlated inversely with S I and positively with AIR and BMI. Proinsulins correlated positively with the fasting glucose concentration. Intact proinsulin:insulin ratio did not correlate with S I . In contrast, intact proinsulin:insulin ratio correlated inversely with AIR. The split proinsulin:insulin ratio was not associated with S I or with AIR. Proinsulin-to-insulin ratios correlated positively with the fasting glucose concentration. There was an inverse relation between S I and AIR. Among the insulin and proinsulin variables, 32, 33 split proinsulin had the strongest correlations with AIR; its correlation coefficient was 1.5 times larger than the correlation coefficient for the intact proinsulin:insulin ratio. The intact proinsulin:insulin ratio was, however the only insulin variable which correlated specifically with AIR; all other insulin and proinsulin variables correlated similarly with AIR and S I . Data are means ± SD, % (n) or median (interquartile range). a Fasting concentrations We also did Spearman correlation analyses separately in each ethnic group. Correlations between intact proinsulin:insulin ratio and S I were 0.08 (p = NS), 0.03 (p = NS) and 0.11 (p = NS) in African Americans, Hispanics and non-Hispanic whites, respectively. Correlations between the intact proinsulin:insulin ratio and AIR were ±0.25 (p < 0.05), ±0.30 (p < 0.05), and ±0.29 (p < 0.05) in African Americans, Hispanics, and non-Hispanic whites, respectively. Thus, the relation between the intact proinsulin:insulin ratio and AIR was consistently inverse in all ethnic groups, and insulin resistance was not related to disproportionate proinsulin concentrations in any of the three ethnic groups. Table 3 shows fasting insulin and proinsulin concentrations and proinsulin:insulin ratios by quartiles of S I . Fasting insulin, intact proinsulin, and split proinsulin concentrations decreased with increasing S I . In contrast, proinsulin:insulin ratios were not related to S I . These associations were independent of age, sex, ethnicity, clinic, BMI and fasting glucose. This indicates that insulin resistance was related to parallel increases in fasting proinsulin and insulin concentrations. Table 4 shows fasting insulin and proinsulin concentrations and proinsulin:insulin ratios according to quartiles of AIR. Fasting insulin, intact proinsulin and split proinsulin concentrations increased and the intact proinsulin:insulin ratio decreased with increasing AIR. In other words, subjects with low AIR had statistically significantly lower fasting insulin and proinsulin concentrations and higher intact proinsulin:insulin ratio than subjects with high AIR. There was no relation between split proinsulin:insulin ratio and AIR. These relations were independent of age, sex, ethnicity, clinic, BMI and fasting glucose.
Given the inverse relation between AIR and S I , we also investigated whether the association between intact proinsulin:insulin ratio and AIR was independent of S I . After further adjustment for S I , newly diagnosed diabetic subjects with low AIR continued to have higher intact proinsulin:insulin ratio than subjects with high AIR (mean intact proinsulin:insulin ratio by quartiles of AIR: 12.4, 9.8, 7.8, 8.1, p = 0.002). Finally, we used a multivariate linear regression analysis to investigate independent associations of AIR, S I , fasting glucose and BMI with intact proinsulin:insulin ratio (Table 5) . Only AIR was related to the intact proinsulin:insulin ratio independently of the other variables.
Discussion
The finding of this study is that a low AIR to i. v. glucose is related to an increased fasting intact proinsulin:insulin ratio in newly diagnosed Type II diabetic patients who were not receiving hypoglycaemic medication. More importantly, this association was found in all three ethnic groups and was independent of obesity, fasting glucose concentration, and insulin sensitivity. Our results are in accordance with a previous study showing that proinsulin:insulin ratio correlated inversely with the maximum beta-cell secretory capacity in nine Type II diabetic subjects, the majority of whom were treated with sulphonylureas [18] . These results indicate that a disproportionate increase in plasma proinsulin concentrations is a marker of a defect in insulin secretion.
The hypothesis that hyperproinsulinaemia is related to an intrinsic beta-cell defect in Type II diabetic subjects was based on indirect evidence from experimental and observational studies showing that neither hyperglycaemia nor increased beta-cell secretory demand was necessary for the disproportionate release of proinsulin [17] . The first evidence that low insulin secretion in itself is associated with disproportionate proinsulin concentrations in Type II diabetes has recently been provided [18] . In that study there were nine diabetic subjects who had had diabetes for 10.8 ± 1.8 years, seven of whom were being treated with sulphonylureas. The magnitude of the elevation in fasting proinsulin:insulin ratio was shown to be related to the reduction in maximum beta-cell secretory capacity [18] . The maximum beta-cell secretory capacity was quantified as insulin response to i. v. arginine at maximum glycaemic potentiation. Oral hypoglycaemic medication affects both insulin secretion and insulin sensitivity and therefore we decided to investigate the relation of proinsulin:insulin ratio with insulin secretion and sensitivity in newly diagnosed Type II diabetic subjects who were not receiving hypoglycaemic medication. Our findings confirm that a disproportionate increase in plasma proinsulin concentrations is indeed a marker of a defect in insulin secretion in Type II diabetic subjects. We did not measure the maximum beta-cell secretory capacity but acute insulin response to i. v. glucose. The cause of reduced acute insulin response to i. v. glucose in Type II diabetes is not known. Hyperglycaemia in itself may have affected both AIR and S I . Our study cohort of 182 Type II diabetic subjects was substantially larger than in the previous study [18] and represented three ethnic groups, which makes our results more generalizable to other diabetic populations.
It is not clear why an increased intact proinsulin:insulin ratio was related to a low AIR but the split proinsulin:insulin ratio was not associated with AIR. Processing of proinsulin to split proinsulins and further to insulin in beta cells is catalysed by proprotein convertases PC3 (also known as PC1) and PC2 [13] . If low AIR was associated with an impairment in processing of intact proinsulin to 32, 33 split proinsulin and des 31, 32 split proinsulin but with less impaired conversion of des 31, 32 split proinsulin to insulin, this could lead to an increased intact proinsulin:insulin ratio while split proinsulin:insulin ratio might change little. Another possible explanation could be different precision of the intact and split proinsulin assays used in this study. The 32, 33 split proinsulin assay is less precise at low serum concentrations than the assay of intact proinsulin. This is due to the 32, 33 split proinsulin assay being inherently a little less sensitive than the assay of intact proinsulin and the need to subtract the intact proinsulin cross-reactivity which adds further potential error. This is, however, less of an issue in Type II diabetic subjects who have increased intact and split proinsulin concentrations. In our study we used an insulin assay which has considerable cross-reactivity with proinsulin, which adds error in estimating proinsulin:insulin ratios. It has, however, been shown that the cross-reactivity of a particular insulin assay with intact proinsulin and des 31, 32 proinsulin are usually of the same magnitude although cross-reactivity of different insulin assays with proinsulin vary considerably [30] .
Previous findings on the relation between proinsulin concentrations and insulin secretion in normoglycaemic subjects are contradictory. In one earlier study [14] , fasting proinsulin and split proinsulin concentrations were not related to insulin secretion in normoglycaemic subjects. In contrast, we have reported previously that normoglycaemic subjects with a low acute insulin response to i. v. glucose had lower fasting specific insulin, intact proinsulin and 32, 33 split proinsulin concentrations and a higher intact proinsulin:insulin ratio than subjects with a high acute insulin response [15] . Furthermore, the association between acute insulin response and intact proinsulin:insulin ratio in these normoglycaemic subjects was independent of insulin resistance. The split proinsulin:insulin ratio was not related to AIR in the normoglycaemic subjects. Because the above study was a cross-sectional study, it is not known whether some of the normoglycaemic subjects with a low acute insulin response had decreased insulin secretion capacity and islet beta-cell dysfunction.
It has been suggested previously that the main cause of increases in the concentrations of insulin precursor molecules is hyperglycaemia coupled to relatively low activity of the endoprotease responsible for processing des 31, 32 split proinsulin to insulin [13] . Accordingly, in our study fasting intact proinsulin, 32, 33 split proinsulin, and proinsulin:insulin ratios were positively correlated with fasting glucose concentrations in newly diagnosed Type II diabetic patients. The strength of the correlation between intact proinsulin:insulin ratio and fasting glucose concentrations (r s = 0.24) was similar to the correlation between intact proinsulin:insulin ratio and AIR (-0.29). Furthermore, AIR was inversely correlated with fasting glucose concentration. These results support the idea that hyperglycaemia is an important determinant of the increased proinsulin:insulin ratio. Acute insulin response was, however, related to intact proinsulin:insulin ratio independently of the fasting glucose concentration, S I and BMI. In contrast, the fasting glucose concentration was not associated with the intact proinsulin:insulin ratio independently of the other variables. It is possible that the relation between hyperglycaemia and intact proinsulin:insulin ratio would have been stronger, if we had used a marker of long-term glycaemic control, such as HbA 1C instead of the fasting glucose concentration but we did not measure HbA 1C values in this study.
Our results show that insulin resistance is not related to increased proinsulin:insulin ratios in Type II diabetic patients. Insulin resistance was associated with increased fasting intact and split proinsulin and insulin concentrations but the increase was similar for both proinsulin and insulin. This is in accordance with one previous study in normoglycaemic subjects [16] . It has, however, been reported that obese normoglycaemic Pima Indians, who were probably insulin resistant, had a lower proinsulin:insulin ratio than non-obese normoglycaemic Pimas [5] . In our previous study in normoglycaemic subjects [15] , insulin resistance was associated with a low intact proinsulin:insulin ratio. This led us to hypothesize that in subjects with normal glucose tolerance, insulin resistance was associated with an enhanced processing of proinsulin [15] . If this is the case, the present study shows that enhanced processing of proinsulin associated with insulin resistance is blunted in Type II diabetic subjects. Thus, the existing data suggest that increased beta-cell secretory demand caused by insulin resistance does not result in excessive proinsulin secretion by diabetic islet beta cells nor by intact islet beta cells.
The lack of correlation between S I and proinsulin:insulin ratios could be due to a higher variability of the S I measurement than the AIR measurement. We have done a study on repeatability of the S I and AIR measurements in the IRAS [31] . Two intravenous glucose tolerance tests were done on 2 separate days about 2 weeks apart on the same participants, 23 of whom had Type II diabetes. The repeatability was assessed by calculating intraclass correlation coefficient (s), which takes into account both variability among subjects and variability within a subject. In Type II diabetic subjects s = 0.69 for S I and s = 0.77 for AIR. These results show that the repeatability of the S I and AIR measurements was of the same magnitude in the IRAS. Therefore, we believe that the lack of correlation between S I and proinsulin:insulin ratios is a true finding.
In conclusion, in newly diagnosed Type II diabetes low insulin secretion was associated with a disproportionate increase in the intact proinsulin concentration in all three ethnic groups. This relation was independent of the fasting glucose concentration, insulin sensitivity and BMI. Insulin resistance was not related, however, to an increased intact proinsulin:insulin ratio. Our results support the hypothesis that an increased proinsulin:insulin ratio is a marker of a defect in insulin secretion [17] .
